Introduction
Swedish forests are dominated by Norway spruce (Picea abies (L.) Karst.), Scots pine (Pinus sylvestris L.) and birches (Betula pendula Roth and Betula pubescens Ehrh.), which account for approximately 95% of the total growing stock (Skogsdata 2013). However, due to climate changes, including increases in mean temperatures and the length of growing seasons, there is increasing interest in introducing other tree species that might grow well in Sweden, but also species with desirable wood properties. Considered species include lodgepole pine (Pinus contorta) and Sitka spruce (Picea sitchensis), which may grow more rapidly than their native relatives Norway spruce and Scots pine, respectively (Elfving et al. 2001; Kristensen 2011; Gundale et al. 2013) . Douglas fir (Pseudotsuga menziesii) may also grow well and produces strong, wood with numerous applications (Hermann and Lavender 1999; Karlsson 2007) . Two other introduced species that grow rapidly in appropriate conditions are hybrid larch (a cross between Larix decidua Mill. and Larix kaempferi (Lamb) Carriére), which can also produce denser wood than native Swedish conifers (Larsson-Stern 2003) , and hybrid aspen (a cross between Populus tremula and Populus tremuloides) (Tullus et al. 2012) .
In addition to growth potential and wood properties it is also essential to consider the disease and pest resistance, or tolerance, of introduced species. A major pest of conifers in northern Europe is the pine weevil (Hylobius abietis), especially in areas where forests are mainly regenerated by planting after clearcutting old stands (Day and Leather 1997; Långström and Day 2004 ). The weevil's feeding on the stem bark of young conifer seedlings often causes growth losses and high mortality (Örlander and Nilsson 1999; Day et al. 2004) . Damage by the pine weevil is sometimes also recorded on seedlings of deciduous trees like birch even in the presence of conifer seedlings (Toivonen and Viiri 2006) , but little feeding damage has been found on Populus spp. (Samuelsson 2001; Månsson and Schlyter 2004) . However, since the demand for short-rotation plantation is increasing and hybrid aspen has proved to be one of the fastest growing deciduous tree species (Tullus et al. 2012 ) and therefore highly interesting for biomass production it is important to determine the level of damage caused by pine weevils to this tree species. Pine weevil feeding preferences among a number of different conifer species have mainly been investigated under laboratory conditions, and cut-off twigs or seedling stems have usually been used instead of living trees or seedlings (Leather et al. 1994; Manlove et al. 1997; Bratt et al. 2001; Olenici and Olenici 2003; Månsson and Schlyter 2004) . This may give misleading results, since defence mechanisms may be induced in living seedlings that could strongly influence both feeding preferences and the amounts of bark consumed (Zas et al. 2011) .
The severity of the damage caused by the pine weevil is strongly related to the size of the seedling and in particular root collar diameter (Thorsén et al. 2001 ). The diameter is negatively correlated with the risk of mortality, i.e. a sufficiently thick stem is crucial for survival. The same absolute area of bark consumed on seedlings with different diameters will affect the larger seedlings less because more bark has to be consumed before the seedling is mortally injured, commonly by girdling of the stem (Selander 1993; Örlander and Nilsson 1999; Nordlander et al. 2011) . In order to make a fair comparison between different tree species the seedlings should preferably be of similar size and age, and should also have been subjected to the same conditions in the nursery. However, this might be difficult to achieve because of large variation in growth between tree species.
Plant defence mechanisms include both resistance and tolerance systems, which respectively reduce damage and the impact of damage caused by pests (Zas et al. 2011) . Resistance can either be related to constitutive defence, which is permanently expressed regardless of the plant exposure to enemies or to induced defence, when the response is activated by herbivore attacks (Karban and Myers 1989) . For the same level of damage Zas et al. (2011) found that the native Pinus pinaster was more tolerant to damage than the introduced Pinus radiata. Both the constitutive defences of seedlings and their responses to damage caused by native enemies might differ between tree species and thus warrant careful consideration before the widespread use of any candidate species.
An important defence mechanism in most conifers is their ability to produce resin (Phillips and Croteau 1999; Trap and Croteau 2001) , but resin flows vary substantially between species (Wainhouse et al. 2009 ). Differences in the species' resin defence are likely to influence the size and location of feeding scars and thus the risk of seedling mortality (commonly by girdling near the base). The defensive response can also be induced by previous attacks of pine weevil as shown by Moreira et al. (2008) who found twice as high resin canal density in the xylem of Pinus pinaster seedlings in an attacked stand compared to a nearby unattacked stand. Variation in the amount of feeding is also reportedly related to plants' nitrogen (N) content, indicating that weevils are probably sensitive to both the nutritional and defence status of plants they are consuming .
Because of the growing interest for introduced tree species in Swedish forestry, it is important to obtain detailed information on their susceptibility to the pine weevil. Thus, in the presented study we compared the extent of the pest's feeding on various introduced tree species of commercial interest to the two most common native conifer species in Sweden, (in both a controlled laboratory experiment and a field study over a longer time period, with the same types of seedlings). We assessed the proportions of seedlings attacked by pine weevils, proportions they killed or severely damaged, the amount of bark consumed by the weevils, and locations of feeding scars on seedlings of the included tree species.
Materials and methods

Seedlings
The tree species included in the study were the two main native species Scots pine (Pinus sylvestris) and Norway spruce (Picea abies), and the five introduced species Douglas fir (Pseudotsuga menziesii), hybrid larch (Larix × marschlinsii), Sitka spruce (Picea sitchensis), lodgepole pine (Pinus contorta) and hybrid aspen (Populus × wettsteinii). All of these species are conifers except hybrid aspen, a deciduous broadleaf that is not considered a host species of the pine weevil (Måns-son and Schlyter 2004) .
For each tree species, the same type of seedlings was used in both the field and laboratory experiments. They were all delivered at the same time and had been grown in the same section of the nursery. All, except those of Scots pine were containerized seedlings grown in HIKO ® containers (volume 93 cm 3 ) or, in the case of lodgepole pine, in Starpot containers (volume 120 cm 3 ). The Scots pine seedlings were of Plug+1 type (initially grown for 10 weeks in a container and then transplanted to a seed bed). The reason for not using containerized seedlings of Scots pine was a shortage of this seedling type in nurseries at the time. All the seedlings were delivered from Södra odlarna, Falkenberg, except the lodgepole pine seedlings, which were obtained from Skogforsk, Sävar, because commercial planting of this species is prohibited below latitude 60°N and is thus grown in nurseries in the central/north part of Sweden. Norway spruce, Scots pine, Sitka spruce, and hybrid larch originated from different seed orchards (Bredinge, Gottharsberg, Flensburg and Maglehem), Douglas fir was sown from seeds collected in British Colombia (provenance Larch hills) and hybrid aspen was a mixture of clones. All seedlings were grown for commercial production, e.g. fertilization and watering were following standard procedures in the nursery. Initially the mean root collar diameter differed between the species, and both Scots pine and hybrid larch seedlings had significantly larger diameters than those of the other species (Table 1) . At the end of the first season the hybrid larch seedlings had the largest mean root collar diameter, followed by Scots pine.
Field experiment
The field experiment was carried out in 2010 on three fresh clear-cuttings in the south-central part of Sweden (within 50 km of Asa Research Station; 57°10´N, 14°47´E). The sites were all characterized by a bilberry vegetation type, sandy silty till soil, and mesic soil moisture, and they were representative of relatively fertile forests (yield capacity around 10 m 3 ha -1 year -1 ) with the original stands dominated by Norway spruce and Scots pine. At all three sites the previous stands, were harvested during the winter 2009/2010, slash was removed, and the sites were prepared for planting by disc trenching in early spring 2010. During the study year there were higher temperature and more precipitation during May to August compared with a long-term annual average from 1961 -1990 (Ottosson Löfvenius 2010 . The mean temperature was 14.1 °C (Asa Research Station's climate station), which is more than 1 °C higher than normal. The average precipitation was higher than normal during the same period, with 95 mm compared with the reference normal of 52 mm. A randomized block design was used for the experiment including the seven tree species listed above. At each of the three sites five blocks with 70 seedlings each were planted, at 2m spacing, on 4-6 June. Each block consisted of 10 rows with one seedling of each tree species randomly distributed in each row. Thus, in total 1050 seedlings (10 seedlings of seven species x five blocks x three sites) were planted. If seedlings are entirely surrounded by pure mineral soil the risk of damage by the pine weevil is highly reduced (Petersson et al. 2005) . Therefore, our site preparation and planting instructions were designed to ensure there was sufficient debarking by pine weevils to evaluate differences between tree species while promoting establishment of the seedlings. As a consequence, the seedlings were planted in mineral soil, but the distance to the humus layer was only about 2 cm instead of at least 10 cm as normally recommended.
Data on the status of each seedling were collected immediately after planting, two weeks after planting, and in October, at the end of the first season. Height and root collar diameter were measured at the time of planting and at the inventory in October, while pine weevil feeding was assessed two weeks after planting and in October. The area debarked by pine weevil on the main stem was recorded to within 0.1 cm 2 , and the severity of the damage was recorded as slightly damaged, severely damaged or killed by pine weevil (mortality due to other factors than pine weevil feeding was also recorded). In addition, in the October inventory the main stem of each seedling was visually divided into ten equally long sections (numbered from 1 at the base to 10 at the top) 
Laboratory experiment
To obtain complementary information on pine weevil feeding preferences under controlled conditions we also compared the extent of feeding on seedlings of the included tree species in a non-choice laboratory experiment. Six seedlings of each species were individually planted in 1 L jars containing 0.75 L moist sand. A transparent plastic cylinder (height 33 cm, diameter 11.5 cm) was placed on top of each jar and four pine weevils (two females and two males) were released in each cylinder. The jars with seedlings were randomly placed on a uniformly illuminated bench in the centre of a chamber with a light-darkness regime of L18:D6 and a constant temperature of 22 °C. The experiment started on 21 June 2010, and after 1, 3, 7 and 9 days pine weevil feeding was recorded as the total area debarked on the main stem, to within 0.1 cm 2 .
Statistical analyses
SAS software (SAS Institute, Cary, NC, USA) was used for all analyses of the acquired data. The effect of differences in root collar diameter between tree species on seedling mortality and severe damage caused by pine weevil were analysed using a mixed model (Proc Mixed SAS), with initial seedling diameter as a covariate. Seedling mortality and severe seedling damage data were arc sine-transformed to improve normality and homoscedasticity. Site and block were treated as random factors and tree species as a fixed factor. For all tests, differences between means were deemed significant if P < 0.05. No significant effect of initial diameter or any interactions between tree species and diameter were detected, thus in the final models initial diameter was excluded.
In the field experiment, mean values of each response variable for each block and tree species were calculated before further analyses. When analysing species' effects on proportions of "attacked seedlings" and "killed or severely damaged seedlings", the data were arc sin-transformed to improve normality and homoscedasticity. The experiment was treated as a randomized block design with site and block as random factors, using the following (PROC GLM SAS) model (followed by Tukey's tests to separate effects of individual factors when significant differences were identified):
where µ is the overall mean, α i the site effect (i = 1-3), β j the block effect (j = 1-5), γ m the effect of tree species (m = 1-7) and ε ijm the experimental error. In the laboratory experiment mean values of debarked area for each tree species were calculated for each time period. PROC GLM was used to test effects of considered variables over the whole period, and where significant differences were indicated means were separated by overall pair-wise comparisons using Tukey's test.
Results
Field experiment
Diameter
There were large variations in diameters among seedlings of the same species, especially hybrid larch, and both Scots pine and hybrid larch seedlings had significantly larger mean diameters than the other species (Table 1) . There were still significant between-species differences (P < 0.01) in proportions of killed or severely damaged seedlings at the end of the first growing season when initial diameter was included as a covariate (Table 2) . Initial diameter had no significant effect on proportions of killed or severely damaged seedlings (P = 0.92) and no interactions between tree species and diameter were detected.
Attack rate
As shown in Fig. 1 , two weeks after plantation the proportion of attacked seedlings varied among the seven species from 1% (hybrid aspen) to 38% (Douglas fir), and significantly more Douglas fir seedlings had been attacked than seedlings of all other species except Sitka spruce and lodgepole pine. After one season, proportions of seedlings of the conifer species that had been attacked ranged from 64% to 81%, and the proportion significantly differed between the most frequently attacked conifers (Sitka spruce and Douglas fir) and the least frequently attacked (hybrid larch). Extremely few hybrid aspen seedlings had still been attacked (4%) at this time.
Proportions of killed or severely damaged seedlings
Seedling mortality caused by pine weevil was low two weeks after planting; only a few seedlings of Norway spruce, Douglas fir and lodgepole pine had died after this short period (Fig. 1) . However, a significantly higher proportion of Douglas fir seedlings had been killed or severely damaged (14%) than Norway spruce, Scots pine, hybrid larch and hybrid aspen seedlings (Fig. 1) . After one growing season significantly higher proportions of Douglas fir and Sitka spruce seedlings had been killed or severely damaged (60 and 61%, respectively) than those of all other species except Norway spruce (49%). Among the conifer seedlings, the proportions of killed or severely damaged seedlings were lowest for Scots pine, hybrid larch and lodgepole pine (27, 27 and 36%, respectively) . No mortality or severe damage caused by pine weevil was recorded for hybrid aspen. Mortality due to factors other than pine weevil feeding was relatively low in all species except hybrid larch, 26% of seedlings of this species died from other, unknown causes. Table 2 . Results of analysis on differences in root collar diameter between tree species on seedling mortality and severe damage caused by pine weevil using a mixed model (Proc Mixed SAS), with initial seedling diameter as a covariate. 
Debarked area
Two weeks after planting, Douglas fir seedlings had a larger mean debarked area than all the other species except lodgepole pine ( Fig. 1) , although lodgepole pine seedlings did not significantly differ in this respect from Sitka spruce and hybrid larch seedlings. After one growing season Sitka spruce and Douglas fir seedlings had the largest debarked areas (4.3 cm 2 and 3.3 cm 2 , respectively). However, the only significant difference in this variable among conifer species was between Douglas fir and hybrid larch. A few hybrid aspen seedlings were attacked by pine weevil, but the debarked area was very small, too small to be visible in the diagram.
Location of feeding on the seedlings
The highest main level recorded in this study was position 5 and most feeding on seedlings of all species was at position 1, the lowest part of the stem (Fig. 2) . This pattern was most obvious in the Norway spruce, Sitka spruce and lodgepole pine seedlings (the main feeding scars on about 60% 3 . Mean debarked area on seedlings of the indicated species after 1, 3, 7, and 9 days in the laboratory experiment. Significant differences after 9 days were tested with a general linear model (Proc GLM, SAS) and were separated by overall pair-wise comparisons using Tukey's test, indicated in the diagram with different letters above the bars when (p < 0.05).
Fig. 2.
Results of the distribution of the main feeding on the stem of seedlings of indicated tree species using a vertical scale from 1 at the base to 10 at the top of the seedling, shown as mean proportion of seedlings (± SE) on different positions.
of attacked seedlings of these three species were at position 1). Higher proportions of the main feeding scars on Douglas fir, hybrid larch, and Scots pine seedlings were above position 1, and especially for Scots pine the feeding scars were more scattered. The mean value of the positions on Scots pine seedlings (2.4) was significantly higher than for the other species (1.4-1.9), which did not significantly differ in this respect.
Laboratory experiment
As shown in Fig. 3 , the species with the largest mean debarked areas after 9 days in the laboratory were Sitka spruce (9.7 cm 2 ), Douglas fir (9.6 cm 2 ), and Norway spruce (8.1 cm 2 ). The mean debarked area on Scots pine seedlings was 7.5 cm 2 , significantly lower than the area on Sitka spruce seedlings, but not Norway spruce and Douglas fir seedlings. Pine weevil feeding resulted in smaller mean debarked areas on lodgepole pine and hybrid larch seedlings (5.1 and 4.9 cm 2 , respectively) than on the other conifer seedlings, but the mean area debarked by pine weevil on hybrid aspen seedlings was far smaller (1.3 cm 2 ).
Discussion
Results of this study show that the introduced conifer tree species are highly attractive food sources for the pine weevil. The attack rate, amount of bark consumed and proportions of killed or severely damaged seedlings were generally highest for Douglas fir and Sitka spruce, although they were not always significantly higher than those of the other tree species. These results were consistent in both the long-term field study and laboratory feeding experiment. Differences in damage between tree species were evident despite differences in diameter. Using diameter as a covariate showed that differences in proportions of killed or severely damaged seedlings between tree species were significant, although hybrid larch and Scots pine seedlings had larger mean initial diameters than the other species. Large seedlings are generally more tolerant to pine weevil feeding because of their lower likelihood of being girdled (Selander 1993; Örlander and Nilsson 1999; Thorsén et al. 2001) . Moreover, the size of resin ducts, which contribute to weevil resistance in young conifers, is correlated to bark thickness and stem base diameter (Wainhouse et al. 2005) . For high survival rates of seedlings in areas infested with pine weevils, threshold root collar diameters of 8-9 mm for Norway spruce and 12 mm for Scots pine have been suggested (Thorsén et al. 2001; Wallertz et al. 2005) . If these thresholds are generally applicable larch may have significant advantages, because young hybrid larch can grow rapidly (Ekö 2009; LarssonStern 2003) . Accordingly, the mean root collar diameter of the larch seedlings at the end of the first growing season was 9.5 mm, and more than 50% had a root collar diameter > 8 mm. Thus, the time that larch seedlings are vulnerable to pine weevil feeding may be shorter than for other more slowly growing species.
By the end of the first season on average more than 70% of the conifer seedlings had been attacked by pine weevil. Björklund et al. (2003) concluded that most seedlings on fresh clearcuttings are approached by weevils, but decide whether or not to feed on a seedling when they are very close to it. Douglas fir was more frequently attacked by pine weevils than the native species during the first two weeks after planting, and by the end of the season they had fed upon most Douglas fir and Sitka spruce seedlings. Thus the bark of these species was presumably more chemically attractive than the bark of the other species. Moreover, pine weevils are more likely to find wounded seedlings than uninjured seedlings (Nordlander 1991) , further increasing attacks on initially attractive seedlings.
The result from the laboratory experiment was largely consistent with the field study; Douglas fir and Sitka spruce were the species generally most consumed by the pine weevil. However, in the laboratory higher proportions of Norway spruce seedlings, and lower proportions of lodgepole seedlings, were attacked than in the field experiment. Moreover, the weevils fed more frequently on hybrid aspen in the laboratory test, which allowed no choice of food source, but still significantly less frequently than on any of the other species. So even though pine weevils sometimes attacks broadleaves trees like birch, hybrid aspen seems to be out of danger for severe attacks by the pine weevil and could be recommend to be planted without protection against the insect.
Two weeks after planting in the field experiment Douglas fir seedlings had a larger mean debarked area than seedlings of most other species, and by the end of the season Sitka spruce had the largest mean debarked area followed by Douglas fir. Accordingly, in a comparison of effects of site preparation Wallertz and Malmqvist (2013) found that larger areas of Douglas fir seedlings were debarked than Norway spruce seedlings, on average, although Zumr (1989) reported that Douglas fir is less attractive than pine and spruce as a food source for the pine weevil. Other studies also suggest that Scots pine is preferred before spruce (Sylvén, 1927; Leather et al. 1994; Manlove et al. 1997 ) although von Sydow and Örlander (1994) found no differences between these species in feeding rate or damage. In the present study the mean debarked area did not differ between Norway spruce and Scots pine seedlings, but significantly more feeding damage was found on Sitka spruce, showing that there are also differences within the genus Picea. The pine weevil consumed less bark on lodgepole pine than on Scots pine seedlings, possibly because antifeedant compounds that have been identified in lodgepole pine but not in Scots pine influence weevil feeding preferences (Bratt et al. 2001) . Several field and laboratory experiments have also shown that larch is a less attractive food source than Norway spruce and Scots pine (Löf et al. 2004; Olenci and Olenci, 2003) , and billets of Sitka spruce reportedly attract more pine weevils than larch billets (Wilson and Day 1995) .
The introduced species Douglas fir and Sitka spruce were the most damaged of all tree species, around 60% of seedlings of these species were killed or severely damaged. In addition, the mean debarked area of the native species Norway spruce was significantly lower than that of the introduced congeneric Sitka spruce, but weevil-induced mortality rates of the two species were more similar. Thus, Sitka spruce appeared to have greater tolerance to damage by the weevils. These results are partially consistent with findings presented by Zas et al. (2011) , who examined resistance and tolerance to pine weevil feeding in a native (Pinus pinaster) and an introduced (Pinus radiata) pine species. They observed more damage and much lower stem resin contents after exposure to weevils in the latter, suggesting that stronger defences are induced in the native species. However, in that experiment, the native species reportedly had higher tolerance to the damage. The differences between tree species in the extent of feeding damage are probably related to variation in chemical composition, influencing the quantity of phloem tissue consumed by the pine weevil (Bratt et al. 2001; Carillo-Gavilán 2012; Moreira et al. 2013 ). Induction of resin in the stem and phloem after wounding as well as nitrogen concentration has been found to vary between tree species, and may contribute to variation in the amount of pine weevil feeding (Wainhouse et al. 2004; Zas et al. 2011) . The optimal defence theory (ODT) predicts, because defence is costly (Herms and Mattson 1992) , that defence will be allocated specifically to the tissues with highest value to the plant or to tissues with greatest risk for attacks from herbivores (Zangerl and Bazzaz 1992 ) . The greater inducibility of phloem resin observed in the lower part of the stem of Pinus radiata found by Moreira et al. (2012) seem to agree with the latter part of this prediction.
The greater inducibility of phloem resin observed in the lower part of the stem of Pinus radiata found by Moreira et al. (2012) seem to agree with the latter part of the theory. In relation to feeding damage by the pine weevil, a defence forcing the weevils to feed more scattered on the stem and less concentrated to the lower part of the seedling will reduce the risk of girdling and thereby death of the seedling.
In the present study, the location of feeding on the stem differed somewhat among the conifer species; notably the feeding scars on Scots pine seedlings were more scattered than on those of the other species, and consequently the mortality was low in relation to the total amount of bark consumed on the Scots pine seedlings. Allocation of chemicals in the plant may have resulted in feeding scars spreading more over pine seedlings. Furthermore, the Plug+1 Scots pine seedlings were larger and older than the others, and growth and the strength of resin-based defences in pine are positively correlated (Wainhouse et al. 2009 ). In this study we did not make any measurements of resin flow or other chemical analyses but the abovementioned factors most likely contributed to the differences in feeding patterns between the seedling types.
The results of this study show that seedlings of most conifer species planted on young clearcuttings in Sweden need some kind of protection against pine weevil, and that introduced species such as Douglas fir and Sitka spruce may be even more vulnerable to pine weevil feeding than native species. Such serious threats by native pest species highlight some of the risks in establishing new tree species for forest production.
